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(57) ABSTRACT

A direct current (DC) transmission and distribution (T&D)
system includes a plurality of DC-to-DC converter devices
defining a plurality of isolatable portions of the DC T&D
system. The DC T&D system also includes a DC T&D con-
trol system coupled to the DC-to-DC converter devices. The
DC T&D control system includes a plurality of current sen-
sors. At least one of the current sensors is positioned at one of
the DC-to-DC converter devices. The current sensor is con-
figured to transmit signals representative of a value of DC
electric current transmission through the DC-to-DC converter
device. The DC T&D control system also includes a plurality
of processors. At least one processor is coupled to the current
sensor and the DC-to-DC converter device. The processor is
configured to regulate DC current transmission through the
DC-to-DC converter device as a function of the value of DC
current transmission through the DC-to-DC converter device.
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1
DIRECT CURRENT TRANSMISSION AND
DISTRIBUTION SYSTEM AND METHOD OF
OPERATING THE SAME

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH & DEVELOPMENT

This invention was made with Government support under
contract number DE-AR0000224 awarded by the Advanced
Research Projects Agency-Energy (ARPA-E). The Govern-
ment may have certain rights in this invention.

BACKGROUND

The field of the disclosure relates generally to high voltage
direct current (HVDC) transmission and distribution (T&D)
systems and, more particularly, to systems and methods of
operation thereof.

At least some of known electric power generation facilities
are physically positioned in a remote geographic region or in
an area where physical access is difficult. One example
includes power generation facilities geographically located in
rugged and/or remote terrain, for example, mountainous hill-
sides, extended distances from the customers, and off-shore,
e.g., off-shore wind turbine installations. More specifically,
these wind turbines may be physically nested together in a
common geographic region to form a wind turbine farm and
are electrically coupled to a common alternating current (AC)
collector system. Many of these known wind turbine farms
include a separated power conversion assembly, or system,
electrically coupled to the AC collector system. Such known
separated power conversion assemblies include a rectifier
portion that converts the AC generated by the power genera-
tion facilities to direct current (DC) and an inverter portion
that converts the DC to AC of a predetermined frequency and
voltage amplitude. The rectifier portion of the separated
power conversion assembly is positioned in close vicinity of
the associated power generation facilities and the inverter
portion of the separated full power conversion assembly is
positioned in a remote facility, such as a land-based facility.
Such rectifier and inverter portions are typically electrically
connected via submerged HVDC electric power cables that at
least partially define an HVDC T&D system. Also, at least
some known HVDC T&D systems are coupled to DC loads
that do not required an inverter portion of AC conversion.

Many known HVDC T&D systems include mechanical
isolation devices, e.g., circuit breakers and reclosers, posi-
tioned to define isolatable portions of the system. Such
mechanical isolation devices may be opened to isolate elec-
trical faults and, possibly, closed to restore as much of the
system to service as possible once the fault is isolated. In
addition, many known HVDC T&D systems include a Super-
visory Control and Data Acquisition (SCADA) system, or
some equivalent, that includes current and voltage sensors
positioned therein to facilitate isolation and restoration opera-
tions. However, in contrast to AC T&D systems, due to the
nature of DC, i.e., no zero-crossing of the amplitudes of DC
voltages and currents as a function of time, such opening of
the mechanical isolation devices requires opening the devices
under load, thereby increasing the risk of arcing at the con-
tactor portions of the mechanical isolation devices with a
potential decrease of service life of the contactor portions.
Also, in the event of an upward DC current excursion, it is
generally considered that an operator has approximately five
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milliseconds (ms) to isolate the associated fault to avoid a
potential decrease of service life of the components in the
current path.

BRIEF DESCRIPTION

In one aspect, a direct current (DC) transmission and dis-
tribution (T&D) system is provided. The system includes a
plurality of DC-to-DC converter devices at least partially
defining a plurality of isolatable portions of said DC T&D
system. The DC T&D system also includes a DC T&D con-
trol system coupled to the plurality of DC-to-DC converter
devices. The DC T&D control system includes a plurality of
current sensors. At least one of the plurality of current sensors
is positioned at at least one DC-to-DC converter device of the
plurality of DC-t0-DC converter device. The at least one
current sensor of the plurality of current sensors is configured
to transmit at least one signal representative of a value of DC
electric current transmission through the at least one DC-to-
DC converter device. The DC T&D control system also
includes a plurality of processors. At least one processor of
the plurality of processors is coupled to the at least one current
sensor and the at least one DC-to-DC converter device. The at
least one processor is configured to regulate electrical param-
eters including at least DC current transmission through the at
least one DC-to-DC converter device as a function of the
value of DC current transmission through the at least one
DC-to-DC converter device.

In a further aspect, a direct current (DC) transmission and
distribution (T&D) control system for a DC T&D system is
provided. The DC T&D system includes a plurality of DC-to-
DC converter devices. The DC T&D control system includes
aplurality of current sensors. At least one current sensor of the
plurality of current sensors is positioned at each DC-to-DC
converter device of the plurality of DC-to-DC converter
devices. Each of the current sensors is configured to transmit
at least one signal representative of a value of DC electric
current transmission therethrough. The DC T&D control sys-
tem also includes a plurality of processors coupled to the
plurality of current sensors and the plurality of DC-to-DC
converter devices. The plurality of processors is configured to
determine an electrical fault on the DC T&D system and
regulate DC current transmission through at least a portion of
the plurality of DC-to-DC converter devices at least partially
as a function of the value of DC current transmission through
each of the plurality of DC-t0-DC converter devices as a
result of the electrical fault. The plurality of processors is also
configured to determine DC current transmission in a first
direction and in a second direction opposite the first direction
through the DC T& D system.

In another aspect, a method of operating a direct current
(DC) transmission and distribution (T&D) system is pro-
vided. The DC T&D system includes a plurality of DC-to-DC
converter devices and a plurality of nodes each including at
least one mechanical isolation device. The DC T&D system
also includes a plurality of isolatable portions of the DC T&D
system defined between the nodes. The method includes
decreasing the DC electric current transmission through at
least a portion of the plurality of isolatable portions at the
electrical fault and regulating the at least one DC-to-DC
converter device. The method also includes determining a
direction of DC electric current transmission through each
node of the plurality of nodes. The method further includes
determining a location of an electrical fault on the DC T&D
system at least partially as a function of a direction of DC
electric current transmission through each node of the plural-
ity of nodes. The method also includes isolating at least a
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portion of the plurality of isolatable portions comprising
opening the at least one mechanical isolation device.

DRAWINGS

These and other features, aspects, and advantages of the
present invention will become better understood when the
following detailed description is read with reference to the
accompanying drawings in which like characters represent
like parts throughout the drawings, wherein:

FIG. 1 is a block diagram of an exemplary computing
device;

FIG. 2 is block diagram of a portion of an exemplary
monitoring and control system that may include the comput-
ing device shown in FIG. 1;

FIG. 3 is schematic diagram of an exemplary high voltage
direct current (HVDC) transmission and distribution (T&D)
system that may be monitored and controlled using the sys-
tem shown in FIG. 2;

FIG. 4 is a schematic diagram of an alternative exemplary
HVDC T&D system that may be monitored and controlled
using the system shown in FIG. 2;

FIG. 5 is a schematic diagram of another alternative exem-
plary HVDC T&D system that may be monitored and con-
trolled using the system shown in FIG. 2;

FIG. 6 is a schematic diagram of exemplary nodes that may
be used with the system shown in FIG. 5; and

FIG. 7 is a tabular view of current direction as a function of
fault location that may be used with the system shown in FIG.
5.

Unless otherwise indicated, the drawings provided herein
are meant to illustrate features of embodiments of the disclo-
sure. These features are believed to be applicable in a wide
variety of systems comprising one or more embodiments of
the disclosure. As such, the drawings are not meant to include
all conventional features known by those of ordinary skill in
the art to be required for the practice of the embodiments
disclosed herein.

DETAILED DESCRIPTION

Inthe following specification and the claims, reference will
be made to a number of terms, which shall be defined to have
the following meanings.

The singular forms “a”, “an”, and “the” include plural
references unless the context clearly dictates otherwise.

“Optional” or “optionally” means that the subsequently
described event or circumstance may or may not occur, and
that the description includes instances where the event occurs
and instances where it does not.

Approximating language, as used herein throughout the
specification and claims, may be applied to modify any quan-
titative representation that could permissibly vary without
resulting in a change in the basic function to which it is
related. Accordingly, a value modified by a term or terms,
such as “about” and “substantially”, are not to be limited to
the precise value specified. In at least some instances, the
approximating language may correspond to the precision of
an instrument for measuring the value. Here and throughout
the specification and claims, range limitations may be com-
bined and/or interchanged, such ranges are identified and
include all the sub-ranges contained therein unless context or
language indicates otherwise.

The HVDC transmission and distribution (T&D) systems
described herein provide a cost-effective method for trans-
mitting HVDC power. The embodiments described herein
facilitate transmitting HVDC power across relatively large
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4

distances while facilitating rapid detection and selective iso-
lation of electrical faults on the system. The embodiments
described herein also facilitate rapid restoration of those por-
tions of the system exclusive of the faulted portions. Specifi-
cally, the devices, systems, and methods described herein
include a plurality of DC-to-DC converter devices and
mechanical isolation devices that define nodes in the HVDC
T&D system. Also, the DC-to-DC converter devices facilitate
real-time decreasing of DC electric current therethrough in
the event that DC current sensed being transmitted there-
through exceeds parameters. Further, the polarities of DC
electric current as measured at each node are communicated
in real time to a Supervisory Control and Data Acquisition
(SCADA) system. Specifically, in the event that a reversed
polarity of DC electric current in one or more nodes is sensed,
the DC-to-DC converter device devices initiate operating
associated mechanical isolation devices with a significantly
reduced load that will approach zero amperes.

The devices, systems, and methods described herein facili-
tate system restoration. Once the electrical fault is cleared, the
SCADA system will initiate post-fault recovery actions. Spe-
cifically, the cleared mechanical isolation devices will reclose
under near-zero loads and the associated DC-to-DC converter
devices will increase the current transmitted through the con-
verters and the mechanical isolation devices to restore DC
power transmission to the affected portions expeditiously.

FIG. 1 is a block diagram of an exemplary computing
device 105 that may be used to perform monitoring of a high
voltage direct current (HVDC) transmission and distribution
(T&D) system (not shown in FIG. 1). More specifically, any
piece of equipment, system, and process i.e., components of
a HVDC T&D system, e.g., without limitation, DC-to-DC
converter devices (not shown in FIG. 1), mechanical isolation
devices and monitoring devices (not shown in FIG. 1). Com-
puting device 105 includes a memory device 110 and a pro-
cessor 115 operatively coupled to memory device 110 for
executing instructions. Processor 115 may include one or
more processing units, e.g., without limitation, in a multi-core
configuration. In some embodiments, executable instructions
are stored in memory device 110. Computing device 105 is
configurable to perform one or more operations described
herein by programming processor 115. For example, proces-
sor 115 may be programmed by encoding an operation as one
or more executable instructions and providing the executable
instructions in memory device 110. In the exemplary embodi-
ment, memory device 110 is one or more devices that enable
storage and retrieval of information such as executable
instructions and/or other data. Memory device 110 may
include one or more computer readable media, such as, with-
out limitation, random access memory (RAM), dynamic ran-
dom access memory (DRAM), static random access memory
(SRAM), a solid state disk, a hard disk, read-only memory
(ROM), erasable programmable ROM (EPROM), electri-
cally erasable programmable ROM (EEPROM), and/or non-
volatile RAM (NVRAM) memory. The above memory types
are exemplary only, and are thus not limiting as to the types of
memory usable for storage of a computer program.

As used herein, the term “computer” and related terms,
e.g., “computing device”, are not limited to integrated circuits
referred to in the art as a computer, but broadly refers to a
microcontroller, a microcomputer, a programmable logic
controller (PL.C), an application specific integrated circuit,
and other programmable circuits (none shown in FIG. 1), and
these terms are used interchangeably herein.

Further, as used herein, the terms “software” and “firm-
ware” are interchangeable, and include any computer pro-
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gram stored in memory for execution by personal computers,
workstations, clients and servers.

Moreover, as used herein, the term “non-transitory com-
puter-readable media” includes all tangible, computer-read-
able media, such as a firmware, floppy disk, CD-ROMs,
DVDs and another digital source such as a network or the
Internet, as well as yetto be developed digital means, with the
sole exception being a transitory, propagating signal.

Memory device 110 may be configured to store operational
measurements including, without limitation, real-time and
historical vibration values, and/or any other type data. In
some embodiments, processor 115 removes or “purges” data
from memory device 110 based on the age of the data. For
example, processor 115 may overwrite previously recorded
and stored data associated with a subsequent time and/or
event. In addition, or alternatively, processor 115 may remove
data that exceeds a predetermined time interval. Also,
memory device 110 includes, without limitation, sufficient
data, algorithms, and commands to facilitate monitoring and
control of the components within a HVDC T&D system.

Asused herein, the term “real-time” refers to at least one of
the time of occurrence of the associated events, the time of
measurement and collection of predetermined data, the time
to process the data, and the time of a system response to the
events and the environment. In the embodiments described
herein, these activities and events occur substantially instan-
taneously.

In some embodiments, computing device 105 includes a
presentation interface 120 coupled to processor 115. Presen-
tation interface 120 presents information, such as a user inter-
face and/or an alarm, to a user 125. In one embodiment,
presentation interface 120 includes a display adapter (not
shown) that is coupled to a display device (not shown), such
as a cathode ray tube (CRT), a liquid crystal display (LCD),
an organic LED (OLED) display, and/or an “electronic ink”
display. In some embodiments, presentation interface 120
includes one or more display devices. In addition, or alterna-
tively, presentation interface 120 includes an audio output
device (not shown) (e.g., an audio adapter and/or a speaker)
and/or a printer (not shown). In some embodiments, presen-
tation interface 120 presents an alarm associated with the
HVDC T&D system being monitored, such as by using a
human machine interface (HMI) (not shown in FIG. 1).

In some embodiments, computing device 105 includes a
user input interface 130. In the exemplary embodiment, user
input interface 130 is coupled to processor 115 and receives
input from user 125. User input interface 130 may include, for
example, a keyboard, a pointing device, a mouse, a stylus, a
touch sensitive panel, e.g., without limitation, a touch pad or
a touch screen, and/or an audio input interface, e.g., without
limitation, a microphone. A single component, such as a
touch screen, may function as both a display device of pre-
sentation interface 120 and user input interface 130.

A communication interface 135 is coupled to processor
115 and is configured to be coupled in communication with
one or more other devices, such as a sensor or another com-
puting device 105, and to perform input and output operations
with respect to such devices while performing as an input
channel. For example, communication interface 135 may
include, without limitation, a wired network adapter, a wire-
less network adapter, a mobile telecommunications adapter, a
serial communication adapter, and/or a parallel communica-
tion adapter. Communication interface 135 may receive data
from and/or transmit data to one or more remote devices. For
example, a communication interface 135 of one computing
device 105 may transmit an alarm to the communication
interface 135 of another computing device 105.
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Presentation interface 120 and/or communication interface
135 are both capable of providing information suitable foruse
with the methods described herein (e.g., to user 125 or
another device). Accordingly, presentation interface 120 and
communication interface 135 may be referred to as output
devices. Similarly, user input interface 130 and communica-
tion interface 135 are capable of receiving information suit-
able for use with the methods described herein and may be
referred to as input devices.

FIG. 2 is block diagram of a portion of a monitoring and
control system, i.e., in the exemplary embodiment, a Super-
visory Control and Data Acquisition (SCADA) system 200
that may be used to monitor and control at least a portion of a
HVDC T&D system 300. As used herein, the term “SCADA
system” refers to any control and monitoring system that may
monitor and control HVDC T&D system 300 across multiple
sites and large distances.

In the exemplary embodiment, SCADA system 200
includes at least one central processing unit (CPU) 215 con-
figured to execute monitoring algorithms and monitoring
logic. CPU 215 may be coupled to other devices 220 via a
communication network 225. CPU 215 may be, without limi-
tation, a facility-level centralized CPU, a plant-level central-
ized CPU, one of a plurality of distributed CPUs, and a
portable CPU. Alternatively, SCADA system 200 includes at
least one central processing unit (CPU) 215 configured to
execute control algorithms and control logic. CPU 215 may
be, without limitation, a facility-level centralized controller,
one of a plurality of distributed controllers, and a portable
controller. Also, alternatively, SCADA system 200 merely
provides data inputs to a separate CPU, or controller.

Embodiments of network 225 may include operative cou-
pling with, without limitation, the Internet, a local area net-
work (LAN), a wide area network (WAN), a wireless LAN
(WLAN), and/or a virtual private network (VPN). While cer-
tain operations are described below with respect to particular
computing devices 105, it is contemplated that any comput-
ing device 105 may perform one or more of the described
operations. For example, CPU 215 may perform all of the
operations below.

Referring to FIGS. 1 and 2, CPU 215 is a computing device
105. In the exemplary embodiment, computing device 105 is
coupled to network 225 via communication interface 135. In
an alternative embodiment, CPU 215 is integrated with other
devices 220.

As used herein, the terms “controller”, “control system”,
“data acquisition system” and “processor” include any pro-
grammable system including systems and microcontrollers,
reduced instruction set circuits, application specific inte-
grated circuits, programmable logic circuits, and any other
circuit capable of executing the functions described herein.
The above examples are exemplary only, and thus are not
intended to limit in any way the definition and/or meaning of
the term processor. Moreover, in some embodiments, at least
aportion of SCADA system 200 and additional portions (not
shown) may be implemented within a broader control system
(not shown) that enables operation of electric power genera-
tion units (not shown in FIG. 2) as described herein, includ-
ing, without limitation, those processors resident within per-
sonal computers, remote servers, programmable logic
controllers (PLCs), distributed control system (DCS) cabi-
nets, and hand-held Internet-enabled devices.

CPU 215 interacts with a first operator 230, e.g., without
limitation, via user input interface 130 and/or presentation
interface 120. In one embodiment, CPU 215 presents infor-
mation about HVDC T&D system 300, such as alarms, to
operator 230. Other devices 220 interact with a second opera-
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tor 235, e.g., without limitation, via user input interface 130
and/or presentation interface 120. For example, other devices
220 present alarms and/or other operational information to
second operator 235. As used herein, the term “operator”
includes any person in any capacity associated with operating
and maintaining HVDC T&D system 300, including, without
limitation, shift operations personnel, maintenance techni-
cians, and facility supervisors.

In the exemplary embodiment, HVDC T&D system 300
includes one or more monitoring sensors 240 coupled to CPU
215 through at least one input channel 245. Monitoring sen-
sors 240 collect operational measurements including, without
limitation, DC voltages and currents generated within HVDC
T&D system 300. Monitoring sensors 240 repeatedly, e.g.,
periodically, continuously, and/or upon request, transmit
operational measurement readings at the time of measure-
ment. CPU 215 receives and processes the operational mea-
surement readings. Such data is transmitted across network
225 and may be accessed by any device capable of accessing
network 225 including, without limitation, desktop comput-
ers, laptop computers, and personal digital assistants (PDAs)
(neither shown). In alternative embodiments, CPU 215
includes, without limitation, sufficient data, algorithms, and
commands to facilitate control of the DC current transmission
through HVDC T&D system 300.

In the exemplary embodiment, monitoring sensors 240
may generate a large volume of data. Therefore, other devices
220 include at least one data server with a database and
storage system that enables operation of HVDC T&D system
300 and SCADA system 200 as described herein.

FIG. 3 is schematic diagram of exemplary high voltage
direct current (HVDC) transmission and distribution (T&D)
system 300 that may be monitored and controlled using
SCADA system 200. In the exemplary embodiment, HVDC
T&D system 300 couples a plurality of alternating current
(AQC) electric power generation devices 302 to an electric
power transmission and distribution grid 304 that may be
positioned hundreds, or thousands, of kilometers from
devices 302.

Also, in the exemplary embodiment, each electric power
generation device 302 is a permanent magnet (PM) wind
turbine generator (WTG). Electric power generation devices
302 may be at least partially grouped geographically and/or
electrically to define a renewable energy generation facility,
i.e., a wind farm 306. Wind farm 306 is defined by a number
of' wind turbine generators in a particular geographic area, or
alternatively, defined by the electrical connectivity of each
wind turbine generator to a common substation. Wind farm
306 may be physically positioned in a remote geographical
region or in an area where physical access is difficult. For
example, and without limitation, wind farm 306 may be geo-
graphically located in rugged and/or remote terrain, e.g.,
mountainous hillsides, extended distances from the custom-
ers.

In the exemplary embodiment, wind farm 306, including
electric power generation devices 302, is positioned oft-
shore, i.e., devices 302 are off-shore PM WTG installations.
Alternatively, electric power generation devices 302 may
include any type of renewable electric power generation sys-
tem including, for example, and without limitation, solar
power generation systems, fuel cells, thermal power genera-
tors, geothermal generators, hydropower generators, diesel
generators, gasoline generators, and/or any other device that
generates power from renewable energy sources. Also, alter-
natively, electric power generation devices 302 may include
any type of non-renewable electric power generation system
including, for example, and without limitation, coal- and
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oil-fired facilities, gas turbine engines, nuclear power genera-
tion facilities and/or any other device that generates power
from non-renewable energy sources. Moreover, any number
of electric power generation devices 302 may be used from 1
to n devices.

Each electric power generation device 302 is coupled to an
AC-to-DC rectifier device 308. AC-to-DC rectifier device 308
receives three-phase, sinusoidal, alternating current (AC)
power from electric power generation device 302 and rectifies
the three-phase, sinusoidal, AC power to direct current (DC)
power at a predetermined voltage.

Also, in the exemplary embodiment, each of electric power
generation devices 302 and each of AC-to-DC rectifier
devices 308 are similar. Moreover, each of electric power
generation devices 302 and each of AC-to-DC rectifier
devices 308 are configured to transmit real-time operational
status and feedback information to SCADA system 200 to
receive commands from SCADA system 200. Alternatively,
any control system architecture that enables operation of
HVDC T&D system 300 and SCADA system 200 is used.

In the exemplary embodiment, HVDC T&D system 300
includes one DC-to-DC converter device 310 coupled to each
AC-to-DC rectifier device 308. DC-to-DC converter device
310 receives DC power transmitted from AC-to-DC rectifier
device 308 and converts the DC power having a first voltage
Ve to DC power with a second pre-determined voltage
V., that facilitates long-range transmission to grid 304.
HVDC T&D system 300 also includes a DC-to-DC converter
device 312 coupled to all DC-to-DC converter devices 310.
DC-to-DC converter device 312 is similar to DC-to-DC con-
verter devices 310 with the exception that device 312 has a
greater range of nameplate current and power ratings than
devices 310.

DC-t0-DC converter device 312 receives DC power trans-
mitted from DC-to-DC converter devices 310. The DC power
received at DC-to-DC converter device 312 is a third DC
voltage V5 substantially representative of second pre-de-
termined voltage V., less line losses. DC-to-DC converter
device 312 converts the DC power having the third voltage
Vpes to DC power with a fourth pre-determined voltage
V pc.4 that facilitates short-range transmission to grid 304. As
shown, DC-to-DC converter device 312 is a portion of an
offshore HVDC station 313.

Also, in the exemplary embodiment, each of DC-to-DC
converter devices 310 and DC-to-DC converter device 312
are similar with the exception of nameplate ratings as neces-
sary to enable operation of HVDC T&D system 300 and
SCADA 200 as described herein. Moreover, each of DC-to-
DC converter devices 310 and DC-to-DC converter device
312 include at least one DC current sensing device 334 (two
shown). Each DC current sensing device 334 is a portion of
monitoring sensors 240 (shown in FIG. 2) and is positioned
within the associated DC-to-DC converter devices 310 and
312. Alternatively, DC current sensing device 334 is posi-
tioned as close as practical to the associated DC-to-DC con-
verter devices 310 and 312, including, and without limitation,
within DC switchgear cabinets (not shown) and within DC-
t0o-DC converter control cabinets (not shown). DC current
sensing devices 334 are configured to transmit real-time
operational status and feedback information to SCADA sys-
tem 200. Nodes 404 through 420 may also include any other
sensing devices that enable operation of nodes 404 through
420 that may be used with HVDC T&D system 400 as
described herein. Alternatively, any control system architec-
ture that enables operation of HVDC T&D system 300 and
SCADA system 200 is used.
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Further, in the exemplary embodiment, each of DC-to-DC
converter devices 310 and DC-to-DC converter device 312
include at least one controller 336 that includes at least one
processor (not shown). As used herein, the terms “controller”,
“control system”, and “processor” include any program-
mable system including systems and microcontrollers,
reduced instruction set circuits, application specific inte-
grated circuits, programmable logic circuits, and any other
circuit capable of executing the functions described herein.
The above examples are exemplary only, and thus are not
intended to limit in any way the definition and/or meaning of
the term processor. Moreover, controller 336 may include
sufficient processing capabilities to execute support applica-
tions including, without limitation, those for SCADA system
200. In each of DC-to-DC converter devices 310 and 312, the
associated controller 336 is coupled to associated DC current
sensing device 334. Each controller 336 is also coupled to
and/or a portion of SCADA system 200. Therefore, each of
DC-t0-DC converter devices 310 and 312 are configured to
receive commands from other portions of SCADA system
200 through controllers 336.

Moreover, in the exemplary embodiment, HVDC T&D
system 300 includes a plurality of HVDC transmission con-
duits 314, i.e., submarine cables that have short lengths in a
range between approximately 50 meters (m) and approxi-
mately 100 m. HVDC T&D system 300 also includes HVDC
transmission conduits 316, i.e., a submarine cable that acts as
a HVDC bus for each of HVDC transmission conduits 314.
HVDC T&D system 300 further includes a HVDC transmis-
sion conduit 318, i.e., a submarine cable that has an extended
length of approximately 10 kilometers (km). Alternatively,
HVDC transmission conduits 314, 316, and 318 have any
configuration and lengths that enable operation of HVDC
T&D system 300 and SCADA system 200 as described
herein. Moreover, alternatively, HVDC transmission con-
duits 314, 316, and 318 include any number and configuration
of conductors, e.g., without limitation, cables, ductwork, and
busses that are manufactured of any materials that enable
operation of HVDC T&D system 300 and SCADA system
200 as described herein.

In operation, each of AC electric power generation devices
302, i.e., each PM WTG in wind farm 306 generates three-
phase, sinusoidal, AC power. AC-to-DC rectifier device 308
receives and rectifies the three-phase, sinusoidal, AC power to
DC power at predetermined first voltage V. ;. DC-to-DC
converter device 310 receives the DC power transmitted from
AC-10-DC rectifier device 308 and converts the DC power
having a first voltage V., to DC power with a second
pre-determined voltage V., that facilitates long-range
transmission across HVDC transmission conduits 314, 316,
and 318 to offshore HVDC station 313. DC-to-DC converter
device 312 receives the DC power transmitted across HVDC
transmission conduits 314, 316, and 318 at the third DC
voltage V. ; that is substantially representative of second
pre-determined voltage V.., less line losses. DC-to-DC
converter device 312 converts the DC power having the third
voltage V5 to DC power with a fourth pre-determined
voltage V ., that facilitates short-range transmission to grid
304.

FIG. 4 is a schematic diagram of an alternative exemplary
HVDC T&D system 350 that may be monitored and con-
trolled using SCADA system 200 (shown in FIG. 2). HVDC
T&D system 350 is similar to HVDC T&D system 300 with
the exception that electric power generation devices 302 and
associated AC-to-DC rectifier devices 308 and DC-to-DC
converter devices 310 are arranged in clusters, e.g., Cluster
#1, Cluster #2, up to Cluster #m.
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FIG. 5 is a schematic diagram of another alternative exem-
plary HVDC T&D system 400 that may be monitored and
controlled using SCADA system 200 (shown in FIGS. 2 and
3). In the exemplary embodiment, HVDC T&D system 400 is
similar to HVDC T&D systems 300 and 350 with a first
exception that system 400 includes a plurality of submerged
HVDC conduits 318 and a DC bus 402 coupling Cluster #1
through Cluster #m to DC-to-DC converter device 312. Also,
HVDC T&D system differs from HVDC T&D systems 300
and 350 with a second exception that system 400 includes a
plurality of nodes 404,406, 408, 410,412, 414, 416. 418, and
420.

FIG. 6 is a schematic diagram of exemplary nodes 404
through 420 that may be used with HVDC T&D system 400
(shown in FIG. 5). In the exemplary embodiment, nodes 404
through 420 are defined by a mechanical isolation device 432,
and at least one DC current sensing device 434 (two shown).
Each DC current sensing device 434 is a portion of monitor-
ing sensors 240 (shown in FIG. 2) and is positioned at the
associated mechanical isolation device 432, i.e., as close as
practical, including, and without limitation, within DC
switchgear cabinets (not shown) and within DC circuit con-
trol cabinets. Nodes 404 through 420 may also include any
other sensing devices that enable operation of nodes 404
through 420 that may be used with HVDC T&D system 400
as described herein.

Nodes 404 through 420 are similar with the exception of
DC current and power nameplate ratings as necessary to
enable operation of HVDC T&D system 400 and SCADA
200 as described herein. DC current sensing devices 434 are
configured to transmit real-time DC current information to
SCADA system 200. Moreover, mechanical isolation device
432 is configured to receive commands from SCADA system
200 and transmit status and feedback information to SCADA
system 200.

Referring again to FIG. 5, nodes 404 through 420 define a
plurality of isolatable portions of HVDC T&D system 400
between each pair of nodes. Such isolatable portions include,
without exception, electric power generation devices 302,
rectifier devices 308, and conduits 314, 316, and 318. A
plurality of exemplary electrical fault locations are shown in
FIG. 5, i.e., fault locations a, b, ¢, d, and e. Each are described
further below.

FIG. 7 is a tabular view, i.e., table 500 is representative of
a digital matrix defined within SCADA system 200 that may
be used with HVDC T&D system 400 (shown in FIG. 5).
Table 500 shows current direction 11, 12, 13, 14, and 15 as a
function of fault location a, b, ¢, d, and e. 11 refers to the
measured DC current at node 404, 12 refers to the measured
DC current at node 406, 13 refers to the measured DC current
atnode 412, 14 refers to the measured DC current at node 414,
and I5 refers to the measured DC current at node 420 (all
nodes shown in FIG. 5). The numeral 1 represents DC current
flowing in a defined forward direction with no reversal. The
numeral -1 represents DC current flowing in the reverse of
the defined forward direction, i.e., with reversal.

Referring to FIGS. 5, 6, and 7, a first fault location a is
defined as positioned in Cluster #1 between a wind turbine 1
(WT1) electric power generation device 302 (with associated
AC-10-DC rectifier device 308) and node 404. The currents
are measured through current sensors 334 in DC-to-DC con-
verter devices 310 and 312. As the current in DC-to-DC
converter devices 310 and 312 rises at, or in excess of, a
predetermined threshold, or the current exceeds a predeter-
mined threshold, controller 336 blocks the local, or closest,
DC-to-DC converter devices 310 and 312, i.e., controller 336
mitigates the current rise within affected devices 310 and 312,
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levels the current, and then decreases the current to approxi-
mately zero amperes substantially under 100 ps, i.e., within
approximately 20 microseconds (us) of fault detection by
sensor 334. Therefore, faulta is rapidly isolated from grid 304
and the remainder of cables 314 in Cluster #1 prior to opera-
tion of any mechanical isolation devices. Fault isolation
occurs approximately three orders of magnitude more rapidly
than the typical five milliseconds (ms) needed to reduce a
partial for a reduction of service life to the affected compo-
nents. Such rapid fault isolation is primarily due to the local-
ized communications between current sensor 334 and con-
troller 336 rather than between current sensor 334 and remote
portions of SCADA system 200.

While converter devices 310 and 312 are blocked, the
portions of HVDC T&D system 300 to the left of converter
device 312 in FIG. 5 behave as a passive network and the
electric current therein behaves according to the natural
response of the circuit without the effects of control devices,
e.g.,converter devices 310 and 312, and as a result, the current
will oscillate through a zero crossing, similar to that foran AC
current.

DC currents 11,12, 13, 14, and I5 are measured at nodes 404,
406, 412, 414, and 420, respectively, through DC current
sensors 434. In the exemplary embodiment, DC currents 11,
12,13, and 14 are all reversed as shown in Table 500. SCADA
system 200 makes a determination with respect to the fault
being at location a due to the substantially instantaneous,
real-time receipt of the directions of the DC current flows
throughout system 400, including rapid changes and polari-
ties. In response, SCADA system 200 directs mechanical
isolation device 432 at node 404 to open at approximately
zero amperes in less than 100 milliseconds (ms). SCADA
system 200 directs reclosing of mechanical isolation device
432 at node 404 and deblocking of blocked converter devices
310, as a function of the status of mechanical isolation device
432 at node 404, to restore service. SCADA system 200 is
also configured to block converter devices 310. However,
such blocking commands will be transmitted in less than 100
ms as compared to the less than 100 ps expected if local
control through controller 336 is used.

A second fault location b is defined as positioned in Cluster
#1on HVDC transmission conduit 314 between node 404 and
node 406. Converter devices 310 and 312 operate as
described above for fault location a. Currents 11,12, 13,14, and
15 are measured at nodes 404, 406, 412, 414, and 420, respec-
tively, through DC current sensors 434. DC currents 12, 13,
and 14 are all reversed as shown in Table 500 and DC current
11 isnotreversed. SCADA system 200 makes a determination
with respect to the fault being at location b due to the sub-
stantially instantaneous, real-time receipt of the directions of
the DC current flows throughout system 400, including rapid
changes and polarities. In response, SCADA system 200
directs mechanical isolation device 432 at nodes 404 and 406
to open and then directs restoration of service as described
above for fault location a.

A third fault location c is defined as positioned in Cluster
#lon HVDC transmission conduit 316 between nodes 410
and 412. Converter devices 310 and 312 operate as described
above for fault location a. Currents 11, 12, 13, 14, and IS5 are
measured at nodes 404, 406, 412, 414, and 420, respectively,
through DC current sensors 434. DC currents 13 and 14 are
both reversed as shown in Table 500 and DC currents 11 and
12 are not reversed. SCADA system 200 makes a determina-
tion with respect to the fault being at location ¢ due to the
substantially instantaneous, real-time receipt of the directions
of the DC current flows throughout system 400, including
rapid changes and polarities. In response, SCADA system
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200 directs mechanical isolation device 432 at nodes 406,
410, and 412 to open and then directs restoration of service as
described above for fault location a.

A fourth fault location d is defined as positioned down-
stream of Cluster #1 on HVDC transmission conduit 318
between nodes 412 and 414. Converter devices 310 and 312
operate as described above for faultlocation a. Currents 11, 12,
13, 14, and 15 are measured at nodes 404, 406, 412, 414, and
420, respectively, through DC current sensors 434. DC cur-
rent 14 is reversed as shown in Table 500 and DC currents 11,
12, and I3 are not reversed. SCADA system 200 makes a
determination with respect to the fault being at location d due
to the substantially instantaneous, real-time receipt of the
directions of the DC current flows throughout system 400,
including rapid changes and polarities. In response, SCADA
system 200 directs mechanical isolation device 432 at nodes
412 and 414 to open and then directs restoration of service as
described above for fault location a.

A fifth fault location e is defined as positioned on DC bus
402 downstream of nodes 414, 418, and 420. Converter
devices 310 and 312 operate as described above for fault
location a. Currents 11,12, 13, 14, and I5 are measured at nodes
404,406,412, 414, and 420, respectively, through DC current
sensors 434. No DC currents are reversed as shown in Table
500. SCADA system 200 makes a determination with respect
to the fault being at location e due to the substantially instan-
taneous, real-time receipt of the directions of the DC current
flows throughout system 400, including rapid changes a lack
of change in polarities. In response, SCADA system 200
directs mechanical isolation device 432 at nodes 414 and 418
to open and then directs restoration of service as described
above for fault location a.

The above-described HVDC transmission and distribution
(T&D) systems provide a cost-effective method for transmit-
ting HVDC power. The embodiments described herein facili-
tate transmitting HVDC power across relatively large dis-
tances while facilitating rapid detection and selective
isolation of electrical faults on the system. The embodiments
described herein also facilitate rapid restoration of those por-
tions of the system exclusive of the faulted portions. Specifi-
cally, the devices, systems, and methods described herein
include a plurality of DC-to-DC converter devices and
mechanical isolation devices that define nodes in the HVDC
T&D system. Also, the DC-to-DC converter devices facilitate
real-time decreasing of DC electric current therethrough in
the event that DC current sensed being transmitted there-
through exceeds parameters. Further, the polarities of DC
electric current as measured at each node are communicated
in real time to a Supervisory Control and Data Acquisition
(SCADA) system. Specifically, in the event that a reversed
polarity of DC electric current in one or mode nodes is sensed,
the DC-to-DC converter device devices initiate operating
associated mechanical isolation devices with a significantly
reduced load that will approach zero amperes.

The devices, systems, and methods described herein facili-
tate system restoration. Once the electrical fault is cleared, the
SCADA system will initiate post-fault recovery actions. Spe-
cifically, the cleared mechanical isolation devices will reclose
under near-zero load and the associated DC-to-DC converter
devices will increase the current transmitted through the con-
verters and the mechanical isolation devices to restore DC
power transmission to the affected portions expeditiously.

An exemplary technical effect of the methods, systems,
and apparatus described herein includes at least one of: (a)
decreasing a time period of fault detection and isolation on a
HVDC T&D systems through a mechanical isolation device
to less than 100 ms; (b) decreasing transmission of DC elec-
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tric current to a fault through DC-to-DC converter devices to
near-zero values in less than 100 ps, and in many cases,
approximately 20 s, i.e., approximately three orders of mag-
nitude less than the time to isolate through a mechanical
isolation device; (c) decreasing transmission of DC electric
current through DC mechanical isolation devices to near-zero
values to facilitate rapid opening to clear electrical fault con-
ditions and reclosing to restore power transmission; (d) deter-
mining, i.e., pin-pointing a location of an electrical fault on a
HVDC T&D system through determining the polarities of
DC electric current transmitted through predetermined nodes
defined therein; and (e) substantially reducing a need to use
slower acting DC circuit breakers to isolate faults.

Fault isolation occurs approximately three orders of mag-
nitude more rapidly than the typical five milliseconds (ms)
needed to reduce a partial for a reduction of service life to the
affected components. Such rapid fault isolation is primarily
due to the localized communications between current sensor
334 and controller 336.

Exemplary embodiments of HVDC transmission and dis-
tribution (T&D) systems for coupling power generation
facilities and the grid, and methods for operating the same, are
described above in detail. The HVDC T&D systems, DC-to-
DC converter devices, and methods of operating such systems
and devices are not limited to the specific embodiments
described herein, but rather, components of systems and/or
steps of the methods may be utilized independently and sepa-
rately from other components and/or steps described herein.
For example, the methods may also be used in combination
with other systems requiring HVDC transmission and meth-
ods, and are not limited to practice with only the HVDC T&D
systems, DC-t0-DC converter devices, and methods as
described herein. Rather, the exemplary embodiment can be
implemented and utilized in connection with many other DC
transmission applications that are currently configured to
receive and accept DC-to-DC converter devices, e.g., and
without limitation, DC distribution systems in remote areas
and industrial facilities.

Although specific features of various embodiments of the
invention may be shown in some drawings and not in others,
this is for convenience only. In accordance with the principles
of the invention, any feature of a drawing may be referenced
and/or claimed in combination with any feature of any other
drawing.

Some embodiments involve the use of one or more elec-
tronic or computing devices. Such devices typically include a
processor or controller, such as a general purpose central
processing unit (CPU), a graphics processing unit (GPU), a
microcontroller, a reduced instruction set computer (RISC)
processor, an application specific integrated circuit (ASIC), a
programmable logic circuit (PLC), and/or any other circuit or
processor capable of executing the functions described
herein. The methods described herein may be encoded as
executable instructions embodied in a computer readable
medium, including, without limitation, a storage device and/
or a memory device. Such instructions, when executed by a
processor, cause the processor to perform at least a portion of
the methods described herein. The above examples are exem-
plary only, and thus are not intended to limit in any way the
definition and/or meaning of the term processor.

This written description uses examples to disclose the
invention, including the best mode, and also to enable any
person skilled in the art to practice the invention, including
making and using any devices or systems and performing any
incorporated methods. The patentable scope of the invention
is defined by the claims, and may include other examples that
occur to those skilled in the art. Such other examples are
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intended to be within the scope of the claims if they have
structural elements that do not difter from the literal language
of'the claims, or if they include equivalent structural elements
with insubstantial differences from the literal language of'the
claims.

What is claimed is:

1. A direct current (DC) transmission and distribution
(T&D) system comprising:

aplurality of DC-to-DC converter devices at least partially
defining a plurality of isolatable portions of said DC
T&D system; and

a DC T&D control system coupled to said plurality of
DC-t0-DC converter devices, said DC T&D control sys-
tem comprising:

a plurality of current sensors, wherein at least one of said
plurality of current sensors is positioned at at least one
DC-t0-DC converter device of said plurality of DC-to-
DC converter devices, wherein said at least one current
sensor of said plurality of current sensors is configured
to transmit at least one signal representative of a value of
DC electric current transmission through said at least
one DC-t0-DC converter device;

a plurality of processors, wherein at least one processor of
said plurality of processors is coupled to said at least one
current sensor and said at least one DC-to-DC converter
device, said at least one processor configured to regulate
electrical parameters comprising at least DC current
transmission through said at least one DC-to-DC con-
verter device as a function of the value of DC current
transmission through said at least one DC-to-DC con-
verter device;

a plurality of mechanical isolation devices configured to
remove at least a portion of said DC T&D system from
service, wherein said plurality of DC-to-DC converter
devices are further configured to decrease DC electric
current transmission through said at least a portion of
said DC T&D system prior to actuation of at least one
mechanical isolation device of said plurality of
mechanical isolation devices;

wherein said plurality of current sensors and said plurality
of mechanical isolation devices are positioned within
said DC T&D system to define a plurality of nodes
therein, thereby further at least partially defining said
plurality of isolatable portions of said DC T&D system
in conjunction with said plurality of DC-to-DC con-
verter devices; and

wherein said at least one processor is further configured to:

generate a digital matrix that includes each node of said
plurality of nodes;

assign a numerical value of positive one for DC electric
fault current transmission detected by a first portion of
said plurality of current sensors transmitted through at
least a first portion of said plurality of nodes in the first
direction; and

assign a numerical value of negative one for DC electric
fault current transmission detected by a second portion
of said plurality of current sensors transmitted through at
least a second portion of said plurality of nodes in the
second direction.

2. The DC T&D system in accordance with claim 1 further
comprising at least one electric power generation device,
wherein said plurality of DC-to-DC converter devices are
coupled to said at least one electric power generation device
through a plurality of electric conduits.

3. The DC T&D system in accordance with claim 2,
wherein said at least one electric power generation device
comprises at least one renewable energy device.
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4. The DC T&D system in accordance with claim 3,
wherein said at least one renewable energy device comprises
at least one wind turbine generator.

5. The DC T&D system in accordance with claim 1,
wherein said plurality of DC-to-DC converter devices com-
prises at least one DC-to-DC converter device positioned
within an offshore DC station.

6. The DC T&D system in accordance with claim 1,
wherein said plurality of processors are further configured to
restore portions of said DC T&D system through said plural-
ity of DC-t0-DC converter devices at least partially as a
function of the status of said at least one mechanical isolation
device.

7. The DC T&D system in accordance with claim 6,
wherein said plurality of DC-to-DC converter devices are
further configured to increase DC electric current transmis-
sion through at least a portion of said DC T&D system not
isolated through said at least one mechanical isolation device.

8. The DC T&D system in accordance with claim 1,
wherein said plurality of processors is further configured to:

decrease DC electric current transmission through said at

least one DC-to-DC converter device to decrease DC
electric current transmission through said at least one of
said plurality of isolatable portions; and

actuate said at least one mechanical isolation device to

isolate said at least one of said plurality of isolatable
portions as a function of the assignment of the numerical
values.

9. The DC T&D system in accordance with claim 8,
wherein said at least one processor is further configured to:

unisolate said at least one of said plurality of isolatable

portions through actuating said at least one mechanical
isolation device; and

increase DC electric current transmission through at least a

portion of said DC T&D system not isolated through
said at least one DC-to-DC converter device.

10. The DC T&D system in accordance with claim 9,
wherein said plurality of processors are further configured to
isolate and restore said at least one of said plurality of isolat-
able portions at least partially as a function of the direction of
DC power transmission through said plurality of nodes.

11. A method of operating a direct current (DC) transmis-
sion and distribution (T&D) system including a plurality of
DC-t0-DC converter devices and a plurality of nodes each
including at least one mechanical isolation device, and a
plurality of isolatable portions of the DC T&D system defined
between the nodes, said method comprising:

decreasing the DC electric current transmission through at

least a portion of the plurality ofisolatable portions at the
electrical fault comprising regulating the at least one
DC-to-DC converter device;
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determining a direction of DC electric current transmission
through each node of the plurality of nodes;

determining a location of an electrical fault on the DCT&D
system at least partially as a function of a direction of DC
electric current transmission through each node of the
plurality of nodes;

isolating at least a portion of the plurality of isolatable

portions comprising opening the at least one mechanical
isolation device;

generating a digital matrix through at least one processor,

wherein the digital matrix includes each node of the
plurality of nodes;

assigning a numerical value of positive one in the digital

matrix through the at least one processor, wherein the
numerical value of positive one is representative of DC
electric fault current transmission in the forward direc-
tion through at least one node of the plurality of nodes;
and

assigning a numerical value of negative one in the digital

matrix through the at least one processor, wherein the
numerical value of negative one is representative of DC
electric fault current transmission in the reverse direc-
tion through at least one node of the plurality of nodes.

12. The method in accordance with claim 11, wherein
decreasing the DC electric current transmission through at
least a portion of the plurality ofisolatable portions comprises
decreasing DC electric current transmission through the at
least one mechanical isolation device prior to actuation of the
at least one mechanical isolation device.

13. The method in accordance with claim 12, wherein
decreasing the DC electric current transmission through at
least a portion of the plurality of isolatable portions further
comprises opening the at least one mechanical isolation
device when current transmitted through the at least one
mechanical isolation device is approximately zero.

14. The method in accordance with claim 11, wherein
regulating the at least one DC-to-DC converter device com-
prises:

regulating a first DC-to-DC converter device at a renew-

able energy source; and

regulating a second DC-to-DC converter device at an off-

shore DC station.

15. The method in accordance with claim 11 further com-
prising:

at least partially restoring the at least a portion of the

plurality of isolatable portions through closing the at
least one mechanical isolation device; and

increasing DC electric current transmission through the at

least a portion of the plurality of isolatable portions
comprising regulating at least one DC-to-DC converter
device.



